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Antibody Humanization by CDR Grafting 

Benny K. C. Lo 

1. Introduction 

The goal of antibody humanization is to engineer a monoclonal antibody 
(MAb) raised in a nonhuman species into one that is less immunogenic when 
administered to humans. The development of this technology had transfom1ed 
the stagnant state of antibody therapeutics in the l 980s, when the major obsta­
cle was the human anti-murine antibody (HAMA) response (1, 2). The HAMA 
response occurred in up to 50% of patients upon the administration of murine 
hybridoma-derived antibodies (3) and severely compromised the safety, effi­
cacy, and biological half-life of these reagents. In addition, murine antibody 
constant regions are inefficient in directing suitable human immune effector 
functions for therapeutic effects. Efforts to produce human antibodies by 
hybridoma technology (4) and Epstein-Barr virus (EBV)-mediated B-lympho­
cyte transformation (5) have met with limited success, but their widespread 
application is hampered by the lack of robust human hybridoma fusion part­
ners and the instability of EBY-transformed clones, respectively (see ref. 6-8 
for review). Consequently, humanization technology was well-placed to 
exploit the plethora of murine MAbs against a variety of disease targets and 
tum them into effective clinical reagents. 

Two methods were developed in the mid- l 980s as attempts to reduce the 
immunogenicity of murine antibodies: chimerization (9-11) and humanization 
by CDR grafting (12-14) (see Fig. IA). In mouse/human chimeric antibodies, 
the immunogenic murine constant domains (66% of total sequence) are 
replaced by the human counterpart to reduce the likelihood of eliciting the 
HAMA response. At the same time, intact murine variable domains are pre­
served to maintain the intrinsic antigen-binding affinity. Effector functions of 
chimeric antibodies may also be programmed by choosing constant domains of 
different human immunoglobulin isotypes (15, 16). In the clinic, chimeric anti-
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Fig. 1. Antibody humanization and CDR Grafting. (A) Mouse/human chimeric 
antibodies re ta in the entire Fv regions from the murine antibody (66% human) . 
Reshaped antibodies, o n the other hand, only retain the CDRs and a few framewo rk 
res idues from the murine antibody (90--95 % human), making them minimally 
immunogenic. (Shaded ovals: murine sequences; blank ovals : human sequences; black 
lines across ovals: murine CDRs). (B) The transplantation of murine CDRs onto a 
human framework (FR) o ften lead to suboptimal o ri entations of these binding loops. 
Consequently, critical muri ne framework residues need to be re-introduced as back­
mu tations to restore the optimum CDR conformations for antigen bind ing. 

bodies have been successfully used in the treatment of Crohns disease (Remi­
cadec•,) , non-Hodgkin 's lymphoma (Rituxan<'') , and renal transplant rejection 
(Simulect®). Al though the chimerization of some murine antibodies led to the 
di sappearance of the HAMA response, others remained immunogenic (3) , 
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partly because of the presence of murine epitopes in the Fv. As an alternative 
approach, Dr. Greg Winter and colleagues at the Medical Research Council, 
Cambridge pioneered the complementarity-determining region (CDR) grafting 
technology (12-14) in which the antigen-binding specificity of a murine anti­
body is transferred to a human antibody by replacing the CDR loops and 
selected variable-region framework residues. The reshaped, humanized anti­
boqy only retained the essential binding elements from the murine antibody 
(5-10% of total sequence) and was predicted to be minimally immunogenic. 
Indeed, the in vivo tolerance and efficacy of many humanized antibodies have 
been shown to be more favorable than murine antibodies. Clinical trials of four 
such antibodies-Hu2PLAP (17), hMN-14 (18), CAMPATH-lH (19), and 
Hu0KT3 (20)-demonstrated minimal or no detectable HAMA response after 
intravenous administration, thus establishing the potential for therapeutic use. 
A number of humanized antibodies have recently reached the market for dis­
eases such as cancer (Herceptin''. Myelotarg®, Campath®), allograft rejection 
(Zenapax"') and viral infection (Synagis'") (see ref. 21 for review). These suc­
cesses provide further evidence of the power of CDR grafting and antibody­
based reagents in complementing traditional chemotherapeutic drugs. 

Despite the development of molecular display technologies (Chapters 8 and 
9) and transgenic animals (Chapter 10) for the generation of fully human anti­
bodies, CDR grafting remains an attractive and proven strategy for turning 
well-characterized, highly specific murine antibodies into clinical reagents. 
The vast amounts of data often available for the parent murine antibody should 
greatly facilitate the movement of the humanized antibody from the laboratory 
to the clinic. Furthermore, the grafting of naturally evolved CD Rs onto human 
antibody frameworks eliminates the need for the generation of a completely 
new human antibody with methods such as in vitro library selection, affinity 
maturation, or further immunization of transgenic animals. 

1. 1. Structural Analysis of the Murine Fv Region 

The key to a successful CDR grafting experiment lies in the preservation of the 
murine CDR conformations in the reshaped antibody for antigen binding. This can 
benefit from a detailed analysis of the structure and sequence of the mmine Fv. The 
antibody Fv region comprises va1iable domains from the light chain (V L) and 
heavy chain (V Hl and confers antibodies with antigen-binding specificity and 
affinity. The variable domains adopt the immunoglobulin fold in which two anti­
parallel ~-sheet framework scaffolds suppo1t three hyper-variable CD Rs. Structural 
vmiation between antibodies is dependent on the length, sequence, conformation, 
and relative disposition of the CD Rs, and the pairing of CD Rs from repertoires of 
VL and VH sequences. These parameters create the unique topography of each 
combining site and form the basis for specific antigen recognition. Although anti-
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gen binding is predominantly regulated by CDR residues, framework residues may 
also contribute. either through direct antigen contact (22) or indirectly through 
packing with CDR residues. The implication for CDR grafting is that it may be 
necessary to revert one or more human framework residues to the murine equiva­
lents in the reshaped antibody (so-called framework back-mutations; see Fig. 1B) 
to restore the native biomolecular environment for antigen binding (13). 

The fact that grafted murine CDRs are able to function on human antibody 
frameworks is primarily made possible by the highly conserved structure of 
antibody framework regions and the limited repertoire of backbone conforma­
tio ns in five of the six hypervariab le reg ions. These canonical structures, 
described by Dr. Cyrus Chothia and colleagues (23-26) , were identified for 
CDRs 1, 2, and 3 of V Land CDRs 1 and 2 ofYH . Each conformation is depen­
dent on the interactions of a few conserved residues at specific sites. both 
within the CDRs and the framework regions. Murine CDRs are thus expected 
to adopt the same backbone conformation when the bas ic sequence require­
ments for the corresponding canonical structures are met by the human frame­
works. Moreover, the inherent flexib ility of the antigen-binding site may 
accommodate small imperfections from loop grafting in an induced-fit fashion 
upon antigen binding (14, and references herein) . Such conformational self­
correction mechanisms have been proposed as the basis for binding, even when 
considerable differences exist between the antigen-free structures of the murine 
and reshaped binding s ites (27-29) . On the whole, these properties of the anti­
body Fv make CDR grafting a versatile process, providing that the key frame­
work requirements are satisfied. 

Framework res idues that participate in antigen bind ing can often be identi ­
fied by inspecting a three-dimensional (30) model of the murine Fv for poten­
tial framework-CDR and framework- antigen interactions. Ideally, an X-ray 
crystallographic structure of the antigen- Fv complex is used in such an analy­
sis. If this is unavailable, a predicted structure from molecular modeling is usu­
ally sufficient. Molecular models can be generated for both the murine and 
reshaped forms of the Fv to locate critical framework residues and evaluate the 
suitability of the human acceptor frameworks. Additional analyses are per­
formed by sequence a lignment with other antibodies to reveal unique sequence 
features. These insights into the murine Fv structure a re invaluable for the 
selection of human acceptor frameworks and, if necessary, the introduction of 
framework back-mutations to optimize antigen binding. 

1.2. Choice of Human Acceptor Frameworks 

With the blueprint of critical murine framework res idues from structural 
analysis, database searching is next performed to short-list suitable human anti­
body frameworks to support the murine CDRs. The inclusion of these cri tical 
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framework residues increases the chance of success in producing a functional 
reshaped antibody. Depending on the framework selection strategy, one or 
more such residues may be incorporated into the native acceptor sequence or 
introduced subsequently by framework mutagenesis. The five major framework 
selection strategies are summarized here: 

· 1. Fixed frameworks: the same set of human acceptor frameworks is used regardless 
of sequence homology to the murine antibody. This is particularly advantageous 
when the chosen frameworks are well-characterized in tenns of expression levels 
and availability of solved crystal structures. Early humanization experiments were 
performed with frameworks from the human myeloma proteins REI (30) and 
NEWM (31) for VL and VH, respectively (12-14.32). 

2. Homology: in this approach, human antibodies sharing maximum sequence homol­
ogy to the murine antibody are selected to provide the acceptor frameworks 
(33-36). Generally speaking, the use of homologous human frameworks is least 
likely to distort CDR conformations in the reshaped antibody. This strategy also 
minimizes the need for framework mutagenesis. However, one possible drawback 
is that the use of individual antibody sequences may include somatic hypermuta­
tions, thereby creating potentially immunogenic epitopes. 

3. Subgroup consensus: the Kabat database (37) catalogs antibody sequences into 
subgroups of different variable-region families. The consensus sequence of each 
Kabat subgroup is compiled from the most common residue at all the framework 
positions. In this strategy, consensus from the human subgroups most homologous 
to the murine antibody is selected for CDR grafting (38-42). The use of consensus 
frameworks may reduce the likelihood of immunogenicity as somatic hypermuta­
tions are minimized except to the extent that consensus sequences are artificial and 
may themselves contain unnatural elements that are immunogenic. 

4. Germline: the most homologous human immunoglobulin germline sequences 
( 43-45) are selected as the frameworks. Since germline sequences originate from 
un-rearranged immunoglobulin genes. such frameworks should therefore be free 
from idiosyncratic mutations and are minimally immunogenic. With the availabil­
ity of the complete human immunoglobulin germline gene locus, this strategy is 
gaining popularity (46,47). 

5. Venee1ing: also known as "variable region resurfacing," veneering has developed 
from the view that protein epitopes recognized by antibodies mainly reside on the 
solvent-exposed SUiface; murine residues buried inside the protein fold are there­
fore predicted to be minimally antigenic. Subsequently, all buried antibody frame­
work positions are kept murine while solvent-exposed positions are humanized 
(48,49). This preserves all buried packing residues in the reshaped antibody that are 
potentially important for CDR conformations and minimizes the likelihood of anti­
genic response developed against the solvent-exposed regions. It remains to be seen 
whether the buried murine residues are immunogenic through the display of 
degraded antibody fragments as major histocompatibility complex (MHC) class JI 
complexes on antigen-presenting cells, thus inducing a T-cell response. 
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Human frameworks for V L and V H are often selected from two different anti­
bodies to achieve higher homologies for each chain. This is enabled by the con­
served V LIV H interface that permits chain pairing and the formation of the 
antigen-binding site between variable domains from different antibodies. It is even 
possible to maximize homology by the use of hybtid frameworks for each variable 
domain (50). Furthermore, the exact location of the framework regions can also 
vary depending on whether "Kabat CDRs" (ref. 37; original Kabat definition of 
antigen-binding loops based on sequence variability) or "Chothia loops" (ref. 23; 
Chothia definition based on structural loops) are used for grafting. Although these 
strategies have all resulted in functional reshaped antibodies, the nature of the 
human framework regions is likely to be structurally and immunologically distinct. 
It should therefore be emphasized that reshaped antibodies represent a bmad class 
of CDR-grafted molecules, and the exact strategy chosen may can-y significantly 
different consequences in the immunogenicity of the engineered molecule. 

1.3. Introduction and Analysis of Framework Back-Mutations 

The use of carefully selected human frameworks in CDR grafting maximizes 
the probability of retaining antigen-binding affinity in the reshaped antibody. 
This was well-exemplified by the anti -mucin antibody HMFG 1 (51) and the anti­
CD56 antibody N901 (52), in which the reshaped antibody retains almost full 
binding affinity to the target antigen immediately after CDR grafting. However, 
these examples represent the ideal scenarios and are a minority among the many 
successfully reshaped antibodies. Often, antigen-binding affinity is greatly 
reduced or abo lished after loop grafting (38,39,53), and is restored only after the 
re-introduction of murine framework residues as back-mutations. The likelihood 
of producing a functional antibody usually increases with the number of back­
mutations made on the CDR-grafted structure. However, one should aim to limit 
the number of back-mutations to a minimum, thereby keeping the reshaped anti­
body as "human" as possible and reducing the possibility of immunogenicity. 

The identification of critical framework back-mutations truly represents the 
art of CDR grafting, as it is frequently the most difficult and unpredictable step 
in the process. Although the many reshaping experiments available in the liter­
ature provide a " rough guide" (see the website "Humanization by Design," 
http://people.cryst.bbk.ac.uk/-ubcg07s for an excellent database of pub! ished 
humanized antibodies). it is not possible to generalize back-mutations. A num­
ber of framework positions are known to be critical and buried residues in close 
proximity to the CDRs and the antigen-binding surface are generally more 
important than those that are solvent-exposed and distant from the binding site. 
Different strategies have been developed to derive the crucial combination of 
back-mutations to restore antigen binding in a timely manner. They mainly 
involve the stepwise or simultaneous incorporation of one or more back-muta-
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tions in the reshaped variable domains followed by their evaluation on antigen 
binding. The conventional approach relies on the use of a structural model to 
guide the introduction of strategic back-mutations. Alternatively, candidates for 
back-mutations are included in a combinatorial library of variable domains dis­
played on filamentous bacteriophage (54,55). Variable domain sequences in the 
library are synthesized so that both the murine and human residues are repre­
sented at selected positions for back-mutation. This allows the simultaneous 
analysis of a much larger pool of mutants. The best combinations of back­
mutations are swiftly identified by panning the phage library for antigen bind­
ing, followed by sequencing of the clones of highest affinity. 

1.4. Summary 

The humanization of murine antibodies by CDR grafting is a major protein­
engineering task. The transfer of antigen-binding loops from a naturally 
evolved murine framework to a different, artificially chosen human framework 
must be performed so that the native loop conformations are retained for anti­
gen binding. Meanwhile, careful consideration should be given during the 
design process to minimize the immunogenic potential of the humanized anti­
body by limiting residual murine elements. Additional measures such as speci­
ficity determining residues grafting (ref. 56; see also Chapter 21), removal of 
immunogenic epitopes (57), use of constant regions that do not activate effec­
tor functions (58), and the generation of immunological tolerance (59) may 
also be taken. It should be noted that immunogenicity is a complex issue; 
intrinsic factors such as protein sequence and structure are likely to be as 
important as extrinsic ones ( e.g., dosage, route, and schedule of administration, 
and patient's immune status). Thus, it is very difficult to predict the imrnuno­
genicity of a therapeutic antibody accurately. Only favorable results from clin­
ical studies can confirm the success of a humanization experiment. 

In this chapter, protocols are described for the CDR grafting of murine anti­
bodies using germline human antibody frameworks and Kabat CD Rs (see Fig. 2). 
Since many of the procedures involve standard molecular biology manipulations, 
emphasis is placed on the design strategy; cross-references to other chapters in 
this volume are provided where appropriate. Finally, the protocols are written 
purely from an academic perspective; if the reader is interested in developing a 
humanized antibody for commercial applications, professional advice should be 
sought because of the numerous patents covering all aspects of this technology. 

2. Materials 
2. 1. Homology Modeling and Framework Selection 

1. Silicon Graphics workstation (SGI, CA). 
2. Molecular graphics software (e.g .. Insight II; AcceJrys, CA). 
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Construct structural 
model of murine Fv 

(Subheading 3.1.) 

Analyze 
CDR- framework 

interactions 
(Subheading 3.2.1 .) 

( MU~NEANTIBODY ) 

Select acceptor human 
framework 

(Subheading 3.2.2.) 

Graft CDRs and express 
first forms of reshaped 

antibody 
(Subheading 3.3.) 

Analyze antigen binding 
affinity and introduce 

back-mutations 
(Subheading 3.4.) 

Fig . 2 . CDR g rafting s trategy 

3. Homology modeling software: 
a . WAM (ref. 60; accessible a t http: //antibody.bath.ac .uk): 

Primary sequence 
analysis and database 

search ing 
(Subheading 3.2.1.) 

RESHAPED 

ANTIBODY 

b. SWISS-MODEL (ref. 61; accessible at http ://www.expasy.org ); 
c. INSIGHT-HOMOLOGY (Accelrys); or 
d. COMPOSER (Tripos, MO). 

4. SeqTest (accessible at http://www.bioinf.org .uk/abs/ - under " Sequences"). 

Lo 

5 . Kabat Database o nline (ref. 62: accessible at h ttp://www.kabatdatabase.com) an d 
printed (37) editions (see also C hapte r 2). 

6 . Genedoc (ref. 63; downloadable from http://www.psc .edu/b iomed/genedoc). 

7 . V-BASE (accessible at http://www.mrc-cpe.cam.ac.uk/vbase). 
8. IMGT, the International ImMunoGeneTics Information System (ref. 64; accessible 

at http://imgt.cines.fr: see a lso Chapter 3). 

2.2. CDR Grafting and Antibody Expression 

l. GCG Wisconsin Package (Accelrys) . 

2 . Thermocyc ling block for po lymerase chain reaction (PCR). 
3 . PC R reagents: Geneamp l OX PCR buffer with l 5 mM MgCl2 (Applied Biosys­

tems); AmpliTaq DNA polymerase (Applied B iosystems); l O mM deoxynucleotide 
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triphosphate (dNTP) mix (Sigma); high-performance liquid chromatography 
(HPLC)-purified oligonucleotide primers; sterile, deionized water (H2O). 

4. Low melting-point agarose. 
5. Ethidium bromide stock solution 10 mg/mL. store at 4°C. 
6. Tris-borate EDTA (TBE) buffer: 90 mM Tris-borate, 2 mM EDTA in H2O, auto-

clave at 121 °C for 15 min and store at room temperature. 
7. Agarose gel-running apparatus and ultraviolet (UV) transilluminator. 
8. "Qiaquick gel extraction kit, PCR purification kit, and Qiaprep miniprep kit (Qiagen). 
9. TOPO TA cloning kit and One Shot TOP IO chemically competent£. coli (Invitrogen). 

I 0. LB-ampicillin agar plates: suspend 40 g of Luria agar (Sigma) in I L of H2O, boil 
to dissolve, autoclave at 12 I °C for 15 min, cool to 50°C, add ampicillin to I 00 
µg/mL, and dispense into Petri dishes. Store at 4°C for up to 3 wk. 

1 1. LB medium: dissolve 25 g of Miller's LB broth (Sigma) in I L of H2O, autoclave at 
121°c for 15 min. 

12. Restriction endonucleases, T4 DNA ligase, and associated reaction buffers (New 
England Biolabs). 

13. Antibody expression vectors (see Note 1). 
14. Sterile 0.45-µm filters. 
15. Sodium azide stock solution 20% (w/v), store at 4°C. 

2.3. Binding Analysis and Framework Back-Mutations 

I. Nunc Maxisorp 96-well plates (Nalgen Nunc) and adhesive plate sealers. 
2. Enzyme-linked immunosorbent assay (ELISA) plate shaker and reader. 
3. Phosphate-buffered saline (PBS): 8 mM Na2HPO4, I mM KH2PO4, 160 mM NaCl, 

3 mM KC!, pH 7.3, autoclaved. 
4. PBST: PBS containing 0.05% (v/v) polyoxyethylenesorbitan monolaurate (Tween 

20). 
5. Blocking buffer: PBS containing I% (w/v) bovine serum albumin (BSA). 
6. ELISA buffer: PBS containing 0.2% (w/v) BSA and 0.02% (v/v) Tween 20. 
7. Human serum IgG 1/K immunoglobulins (Sigma). 
8. Goat anti-human IgG (Fe-specific), affinity-purified (Jackson Immunoresearch). 
9. Goat anti-human K-chain horseradish peroxidase (HRP) conjugate, affinity-purified 

(Sigma). 
I 0. Goat anti-human IgG y-chain HRP conjugate (Sigma). 
11. TMB substrate solution (Pierce). 
12. l M H2SO4. 

3. Methods 

3. 1. Homology Modeling of the Murine Variable Region 

The highly homologous nature of antibody Fv makes it convenient to build 
molecular models using homology modeling methods (65,66). A number of 
well-established antibody modeling approaches based on homology (67-69) and 
conformational searching (70-72) algorithms have been described (see Note 2). 
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Computer software incorporating these methods is also available (e.g., WAM. 
SWISS-MODEL, INSIGHT-HOMOLOGY, and COMPOSER: see Subheading 
2.1.). As a first step in CDR grafting, construct a structural model of the murine 
variable region using one of these programs (if a crystal structure is not avail­
able). The reader is encouraged to consu lt Chapter 4 of this volume for an in­
depth discussion on antibody modeling, and Chapter I for a list of general 
molecular graphics and modeling software accessible on the worldwide web. 

3.2. Human Acceptor Framework Selection 

3.2. 1. Structural and Sequence Analysis of Murine Variable Region 

I. Assign Kabat numbering (37) to the murine Fv using the program SeqTest and 
determine the CDR canonical structures for L 1, L2, L3. HI , and H2 using Table 1. 

2. Inspect a 3D model of the murine Fv (crystal structure or molecular model from 
Subheading 3.1.) for potential framework-CDR and framework-antigen interac­
tions. Focus initiall y on ti ve groups of critical framework residues with special sig­
nifi cance (Table 2). Take note of framework residues that arc in the immediate 
vicinity of the s ix CDRs and those on the antigen-binding surface. 

3. Determine the Kabat subgroup of the VL and V1.1 seque nces usi ng the Subgroup 
tool from Kabat Database online . Proceed to the printed edi tion of the Kabat Data­
base and manually align the Fv sequence with the subgroup. For each framework 
residue that differs from the consensus sequence, evaluate its degree of uniqueness 
within the subgroup and take note of the rare framework res idues. These could 
have arisen from somatic hypermutation, and may contribute to ant igen-binding 
affi nity. 

4. Load the Fv sequences into sequence alignment programs such as Genedoc, high­
light the cri tical framework residues from steps 2 and 3 on the Fv sequence and use 
as the blueprint for short-listing suitable human frameworks for CDR grafting. 

3.2.2. Framework Selection 

I. Searc h V-BASE or IMGT for the closest human immunoglobulin germline 
seque nces to the murine V Land V H (see Note 3). 

2. Align the trans lated germline sequences to the sequence blueprint compiled under 
Subheading 3.2.1. 

3. Compare the short- listed sequences to the murine Fv in terms of fra mework 
seque nce identi ty and the presence of cri tical framework residues highlighted in the 
seque nce blueprint. 

4. Choose, as the human acceptor frameworks, the VL and VH germline sequences that 
share the highest sequence identity with the murine fra meworks. especially at the 
critical framework positions. 

5. Optional: Construct a molecular model of the reshaped Fv using the murine CDRs 
and the chosen germ line framework sequence (see Subheading 3.1.). Access the qual­
ity of the chosen frameworks by compming the CDR conformations on the murine and 
reshaped Fv (see Note 4). Select alternative acceptor frameworks if necessary. 
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CDR Canonical Structures and Sequence Requirements 

A number of CDR conformations have been observed with five of the six antibody 
hypervariable regions. Residue positions (Kabat numbering; ref. 37) required to main­
tain the different canonical structures are shown together with the most commonly 
observed amino acid(s). Residues from the framework regions are shown in bold 
(reproduced with permission from ref. 73). 

Canonical 
class (loop 

CDR length) 

Ll 

L2 
L3 

HI 

H2 

1 (10)" 
2 ( 11) 
2 (12)1> 
3 (17) 
4(15)1> 
4 (16) 
I (7) 

1 (9) 
2 (9)" 
3 (8) 
1 (5) 
2 (6) 

3 (7) 
I (16) 
2 (17) 
3 (17) 
4 ( 19) 
5 (18) 

Residues important for canonical conformation: 
Kabat position [most common amino acid(s)] 

2(1), 25(A), 30(V), 33(M, L), 71(YJ 
2(1), 25(A), 29(V. l), 33(L). 71(F,YJ 
2(1, N), 25(A), 28(V, 1), 33(L), 71(F.Y) 
2(1), 25(S), 27B(V, L), 33(L), 71(FJ 
2(1), 25(A), 27B(V), 33(M), 71(F) 
2(V, 1), 25(S), 27B(1, L), 33(L), 7l(F) 
48(1), 51 (A, T), 52(S, T), 64(0) 
90(Q, N. H), 95(P) 
90(Q), 94(P) 
90(Q), 95(P) 
24(A, V. 0), 26<"(0), 27<ff_ Y), 29°(F), 34(M. W, [), 94(R, K) 
24(V, FJ. 26<(0). 27,.(F, Y, 0), 29'-CL L), 35(W, C), 94(R, H) 
24(0, F), 26°(0). 27<"(0, F. D), 29°(L, I, V), 35A(W, V), 94(R, H) 
55 (0, D), 71(V, K, R) 
52 (P, T. A), 55(0, S), 71(A, T, L) 
54(G, S. N), 71(R) 
54(S), 55(Y), 7l(R) 
52(Y), 54(K), 55(W), 71(P) 

"These canonical structures have only been observed in murine antibodies. but not in human 
antibodies. 

"Approximately '.'.0% ofmurine and 25% of human antibodies have 13 residues in canonical 
structure 2 or 14 residues in canonical structure 4. These minor variations in loop size result in 
changes at the tip of the LI loop. but do not significantly alter loop conformation (24). 

,. Residues at H26-H30 are defined as framework residues in the Kabat system. but struc­
turally they are pait of the HI loop as defined by Chothia et al. (24). 

3.3. CDR Grafting and Expression of Reshaped Antibodies 

Having finalized the acceptor framework sequences for the murine CDRs, 
the encoding DNA for the reshaped Fv is assembled by PCR. VL and V1-1 
sequences can be constructed in the form of "expression cassettes," which 
include additional upstream and downstream sequences to facilitate antibody 
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Table 2 
Important Framework Positions for Antigen Binding 

In addition to CDR residues, fi ve classes of framework residues frequently influence 
antigen binding directly or indirectly. The actual framework positions (Kabat number­
ing; ref. 37) or sequence motifs for these residues are shown. 

Description Significance 

Vernier zone A platform of residues 
directly underneath 
the CD Rs 

Canonical Maintenance of CDR 
residues canonical structures 

VL N- Form a contiguous 
terminal surface with the 
residues 

Chain­
packing 
residues 

Putative N-/ 
O-glycosyl­
ation sites 

antigen-binding 
pocket 

Res idues buried at the 
V LIV H packing 
interface: may affect 
the relative 
disposition of CD Rs 

Carbohydrates may 
affect positioning of 
antigen in the 
binding pocket 

Framework positions Reference 

L2,L4,L35, L36, L46- L49, (74) 
L64, L66, L68, L69, 
L7 l , L98; H2, H27-H30, 
H47- H49, H67, H69, H7 I , 
H73, H78, H93, H94, HI03 

See Table 1 (bold residues) See Table 1 
(bold 
residues) 

Ll-L6 (75) 

L34, L36, L38, L44, L46. (76) 
L87, L89, L91 , L96, L98; 
H35, H37, H39, H45. H47, 
H91, H93, H95, HI00", HI03 

See footnote"·" 

" The residue immediate ly N-terminal to residue HI 0 I is a packing residue. The actual num­
bering of this residue varies with the number of loop insertions in CDR-H3. 

"N-g lycosylation consensus sequence: N-X-(SfT), where Xis any amino acid (77). 
,- No consensus exists for O-glycosy lation. but four sequence motifs were found to predict O-

glysolation (78,79): 
• X-P-X-X: at least one Xis T. 
• T-X-X-X: at least one Xis T. 
• X-X-T-X: at least one X is R or K. 
• S-X-X-X: at least one X is S. 

expression. The exact content of the cassettes wi II depe nd on the chosen vector 
and expression host, and whether the Fv is expressed as a full IgG or a single­
chain Fv (scFv) fragment (see Note 1). Here, a general method (modified from 
ref. 73) is described for the PCR assembly of the reshaped Fv expression cas­
settes using overlapping oligonucleotides. Further details on antibody expres­
sion in E. coli and mammalian systems can be found in C hapters 14 and 15, 
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Half-length 
Cassette 1 

Full-length 
cassette 

tj PNLE/PNHE 

lj PNLAIPNHA 

PL 1/PH1 

PL2/PH2 

us 

PL4/PH4 

PNLB/PNHB , 

} Rea~tion 

tj PNLCIPNHC 

Reactions 
3, 5 

OS 

Rea~tion { Half-length Reactions 
Cassette 2 4, 6 

PLS/PHS PL7/PH7 

====> ====> 
<====i ¢==:::J 

PL6/PH6 PL8/PH8 

PNLDIPNHD (:i 
PNLF/PNHF (J 
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Fig. 3. Construction of reshaped Fv expression cassettes. The reshaped V L and V H 

expression cassettes are each produced by eight overlapping primers (block aJTows) in 
eight PCRs. Overlaps between the megaprimers (PLl-8, PHl-8) are approx 24 bp. US 
= upstream accessory sequences, DS = downstream accessory sequences (tailored for 
individual expression vector systems). 

respectively. A discussion on the design of monovalent and multivalent anti­
body fragments is also given in Chapter 12. 

3.3.1. Design and Construction of the Reshaped Fv Expression 
Cassettes 

1. Combine the nucleotide sequences of the chosen acceptor frameworks for V L and 
VH (from Subheading 3.2.2.) and the coJTesponding murine CDRs to form the 
reshaped Fv sequence. Append appropriate restriction sites, up- and downstream 
sequences as necessary for the chosen expression vector system. 

2. 

3. 

4. 

Check the expression cassettes for the presence of internal restriction sites and stop 
codons. Remove these by alternative codon usage where necessary. 
To construct the reshaped Fv cassettes, design eight partially complementary DNA 
megaprimers (approx 80 nucleotides each) and six nested primers (24 nucleotides 
each) covering the entire length of the V Land V H cassettes as illustrated in Fig. 3. 
Using the Stemloop program in the GCG Wisconsin Package, check each 
megaprimer for secondary structure formation. Avoid stemloops with melting tem­
peratures of above 40°C by alternative codon usage. 
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5. Set up two sequential sets of four PCRs for the assembly of half-length V Land V H 

expression cassettes (see Note 5): 
a. Assembly PCRs (V L reactions I, 2 and V H reactions I, 2): 

5 µL Geneamp I OX PCR buffer with 15 mM M gCI2 

I µL 10 mM dNTP mix 
2.5 pmol each PL! , 2, 3, 4 (V L reaction I); PL5, 6, 7. 8 (V L reaction 2): PH l , 

2. 3. 4 (V H reaction I); PH5, 6, 7, 8 (V 11 reaction 2) (see Fig. 3) 
2.5 U AmpliTaq DNA polymerase 
+ H20 to 50 µL 
Thermoc_Yc/e: 94°C for 5 min (hot start); 8 cycles of 94°C for 2 min and 72°C for 
5 min ; and final extension at 72°C for 10 min. 

b. Amplification PCRs (V1. reactions 3, 4, and VH reactions 3, 4): 
5 µL Geneamp !OX PCR buffer with 15 mM MgCI2 
I µL 10 mM dNTP mix 
5 µL PCR product from VL reaction I (VL reaction 3), VL reaction 2 

(Y L reaction 4 ), V H reaction I (V H reaction 3) or V H reaction 2 
(YH reaction 4) 

40 pmol each PNLA and PNLB (VL reaction 3) 
PNLC and PNLD (VL reaction 4) 
PNHA and PNHB (VH reaction 3) 
PNHC and PNHD (VH reaction 4) 

2.5 U AmpliTaq DNA polymerase 
+ H20 to 50 µL 
Thermocycle: 94 °C for 5 min (hot start); 20 cycles of 94°C for 1.5 min, 64°C for 
1.5 min, 72°C for 2.5 min; and final extension at 72°C for IO min. 

6. Visualize reaction products from amplification PCRs on a I % (w/v) agarose gel 
containing 0.5 µg/mL ethidium bromide, in IX TBE buffer. 

7. Gel-purify bands of the coJTect size using the Qiaquick gel extraction kit (VL: ~225 
bp. VH: ~240 bp; approximate guide only, the exact fragment lengths will depend 
on the individual antibody sequence and the positioning of primers) . 

8. Clone half-length expression cassettes into plasmid vector using the TOPO TA 
cloning ki t. Check integrity of constructs by DNA sequencing. 

9. Re-amplify the half-length expression cassettes from clones harboring the correct 
sequence with PCR (VL reactions 5, 6, and V H reactions 5. 6): 
5 µL Geneamp !OX PCR buffer wi th 15 mM MgCl2 

I µL 10 mM dNTP mix 
40 pmol each PNLA and PNLB (VL reaction 5) 

PNLC and PNLD (VL reaction 6) 
PNHA and PNHB (VH reaction 5) 
PNHC and PNHD (VH reaction 6) 

2.5 U AmpliTaq DNA polymerase 
+ E. coli colony stab of the corresponding cloned half-length expression cassettes 
+ H20 to 50 µL 
Then nocycle: as described in s tep Sb. 
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I 0. Vis ualize reaction products on an agarose gel and gel-purify bands of the correct 
size (VL: - 225 bp, VH: -240 bp) using the Qiaquick gel extraction kit. 

I I. Set up two sequential sets of two PCRs to construct the fi nal reshaped expression 
cassettes: 
a. Assembly PCRs (VL reaction 7 and VH reaction 7): 

5 µ L Geneamp !OX PCR buffer with 15 mM MgCl2 
I µL IO mM dNTP mix 
5 µL each Gel-purified products from VL reactio ns 5, 6 (VL reaction 7) 

or. V H reactions 7, 8 (V H reaction 7) 
2.5 U AmpliTaq DNA polymerase 
+ H20 to 50 µL 
Thermocycle: as described in step Sa. 

b. Amplification PCRs (VL reaction 8 and VH reaction 8): 
5 µL Geneamp 1 Ox PCR buffer with 15 mM MgCl2 
l µL JO mM dNTP mi x 
5 µL PCR product from V L reacti on 7 (V L reaction 8) or V H reaction 

7 (V H reaction 8) 
40 pmol each PNLE and PNLF (YL reaction 8) 

PNHE and PNHF (V H reaction 8) 
2 .5 U Ampl iTaq DNA polymerase 
+ H20 to 50 µL 
Thermocycle: as described in step Sb. 

12. Visualize reaction products on an agarose gel. Gel-purify appropriate-sized bands 
(VL: - 450 bp, Ytt: - 480 bp) and clone the expression cassettes into plasmid vector 
using the TOPO TA c loning kit. Check the integri ty of the constructs by DNA 
sequencing. 

3.3.2. Construction of the Murine Fv Expression Cassettes 

The murine Fv should be expressed in parallel with the reshaped Fv as a 
control fo r binding analysis (Subheading 3.4.). If the IgG format is chosen, it 
can be expressed with human antibody constant domains as a mouse/human 
chimeric antibody. For the scFv format, it can be simply expressed as a murine 
scFv fragment (see Note 1). 

1. Append appro priate restriction sites, up- and downstream accessory sequences to 
the murine Fv sequence with PCR (see Note 6). 

2. Visualize reaction products on an agarose gel, gel-purify bands of the correct s ize 
(VL: - 450 bp, VH: -480 bp) and c lone the expression cassettes into plasmid vec­
tor us ing the TOPO TA c lon ing kit. Check the integrity of constructs by DNA 
sequenc ing. 

3.3.3. Antibody Expression 

I. Digest the c lo ned reshaped and murine Fv expression cassettes with appropriate 
restric tion endonucleases and ligate into the chosen expression vector(s) . Arrange 
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the inserts in such a way so that fo ur initial antibody constructs can be expressed 
(see Note 7): 
a. Murine VL + Murine VH 
b. Reshaped VL + Reshaped V 1.1 
c. Murine V L + Reshaped VH 

d. Reshaped V L + Murine V H 

2 . Clone the ligated vectors into E.coli and confirm the ligated sequences by DNA 
sequencing. 

3. Transform/cransfect these vectors into the expression host of choice and express the 
four initial an tibody constructs. 

4 . Pass the antibody-containing media through a 0.4-µm filter, add sodium azide to 
0.02% (w/\-). and store at 4°C. 

3.4. Binding Analysis and Framework Back-mutations 

The binding activity of the reshaped antibody is accessed using ELISA. A 
quantification ELISA is first performed to measure antibody concentration in the 
expression medium; this is followed by a binding assay for the cognate antigen. 
Sample protocols are described here for the analysis of fgG antibodies; appropri ­
ate reagents can be substituted for the analysis of scFv fragments (see Note 8). 

3.4. 1. Antibody Quantification ELISA 

I . Coat a Nunc Max isorp 96-well plate with I µ g/mL affin ity-purified goat anti­
human IgG (Fe-specific) in PBS ( I 00 µL/well). Cover with an adhesive plate sealer 
and incubate at 4°C overnight (see Note 9). 

2 . Wash wells 4x with 200 µL/well o f PBST. Block nonspec ific binding sites by 
adding 200 µL/we ll of blocking buffe r and incubate at room temperatu re with 
shaking for 2 h. 

3. Discard the blocking buffer. Add, in duplicates, I 00 µL/well of standardized con­
centrations ( I mg/mL and nine additional I :2 serial dilutions) of purified human 
serum IgG I /K in ELISA buffer to the assay plate (Rows A-B ). (.1ee Notes 10 a nd 
11) 

4. Add 100 µL/w ell of antibody-containing medium and nine I :2 serial dilutions of 
each in ELISA buffer to the assay plate (Rows C- H). (see Note 11 ). 

5. Incubate plate at 37°C with shaking for I h. 
6. Wash wells 4x with 200 µL/well of PBST. 
7 . Prepare a I :5,000 dil ution of affinity-purified goat anti-human K-chain horseradish 

peroxidase (HRP) conj ugate in ELISA buffer. Add to the assay plate at I 00 µL/well 
and incubate at 37°C with shaking for I h. 

8. Wash wells 4x with 200 µL/well of PBST. 
9. Add JOO µL/ well ofTMB substrate solution to the assay plate and incubate at room 

te mperature for 5- 10 min, until sufficient color development is re ached. 
I 0 . Stop color deve lopment by adding 50 µL/well of I M H2SO4 and read end-point 

absorbance values at 450 nm on an ELISA pl.ate reader. 
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11. Construct a curve with mean absorbance values from the calibration standards (OD 
at 450 nm vs log [concentration]). Estimate sample IgG concentrations using 
absorbance values corresponding to the. linear portion of the calibration curve. 

3.4.2. Antibody lmmunoreactivity ELISA 

I. Coat a Nunc Maxisorp 96-well plate with IO µg/mL antigen solutions in PBS ( I 00 
µL/well; see Note 12). Include the specific antigen(s) bearing the murine antibody 
epitope and several unrelated antigens to probe for nonspecific binding. Cover with 
an adhesive plate sealer and incubate at 4°C overnight. 

2. Wash wells 4x with 200 µL/well of PBST. Block nonspecific binding sites by 
adding 200 µL/well of blocking buffer and incubate at room temperature with 
shaking for 2 h. 

3. Discard the blocking buffer. Add antibody-containing medium to the assay plate at 
I 00 µL/wel! (see Note 13). 

4. Incubate plate at 37°C with shaking for I h. 
5. Wash wells 4x with 200 µL/well of PBST. 
6. Prepare a I :4.000 dilution of affinity-purified goat anti-human IgG y-chain HRP 

conjugate in ELISA buffer. Add to the assay plate at I 00 µL/well and incubate at 
37°C with shaking for I h. 

7. Wash wells 4x with 200 µL/well of PBST. 
8. Read plate as described under Subheading 3.4.1., steps 9-10. 

3.4.3. Introduction and Analysis of Framework Back-Mutations 

The expression and binding analysis of the four initial antibody constructs 
(Subheading 3.3.3.) should reveal whether back-mutations are required for VL, 
V H, or both variable domains of the reshaped antibody. Using these results as 
the basis, the following procedure describes the optimization of framework 
back-mutations by guided selection, a strategy that enables the individual 
analysis of each of the VL and VH mutants before the best ones are selected to 
form the final reshaped antibody (see Fig. 4). 

I. Select the reshaped variable domain that resulted in a larger drop in antigen-bind­
ing affinity for initial mutagenesis. Align this with the sequence blueprint contain­
ing the critical murine framework residues (Subheading 3.2.1.) to identify which 
of these are absent from the human acceptor frameworks. 

2. Construct hybrid Fvs in which the reshaped mutants are paired with the opposite 
murine domain. This can be conveniently achieved by mutating vectors constructed 
in Subheading 3.3.3., steps le and ld, using standard directed mutagenesis tech­
niques (see Chapter 18). For example, if back-mutations are introduced to the 
reshaped VL domain, prepare the following hybrid Fvs (see Note 14): 
a. Murine VwReshaped VL containing all Vernier zone back-mutations; 
b. Murine VwReshaped VL containing all canonical residue back-mutations; 
c. Murine V wReshaped V L containing all chain packing back-mutations; 
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MURINE FV 

VL ~·~ VH 

(1) Optimize VH (2) Optimize VL 

X ~•l BMHa BMLa X 

X ~•J BMHb BMLb ✓ 

✓ ~•J BMHc BMLc X 

BMLb IC♦J BMH, 

RESHAPED FV 

Fig. 4. Optimization of framework back-mutations by guided selection. The best 
combination of back-mutations can be identified by screening a series of hybrid anti­
bodies for binding to antigen(♦). This figure illustrates the optimization of_VH back­
mutations followed by V L ones (the order can be reversed if appropriate, see under 
Subheading 3.4.3.). The murine VL is initially expressed in combination with various 
reshaped VH mutants (BMHx). The mutant VL that gives the highest level of specific 
antigen binding is then used for the optimization of reshaped V L mutants (BMLx), 
resulting in the final reshaped Fv. 

d. Murine VwReshaped VL containing all VL N-terminal back-mutations ; 
e. Murine Vw Reshaped VL containing all rare framework position back-mutations; 
f. Murine VwReshaped VL containing all 0- and N-glycosy lation back-mutations; 
g. Murine V wReshaped V1_ containing all of the above back-mutations. 
In addition, prepare the following as controls: 
a. Murine VH Reshaped VL containing no back-mutations; and 
b. Murine VwMurine VL. 

3. Express these constructs in the expression system of choice (see Note 1). Perform 
quantification and immunoreac ti vity ELJSAs as described under Subheadings 
3.4. 1. and 3.4.2. 
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4. Compare specific antigen-binding signals of mutants 2a to 2g with those of mutants 
2h and 2i. Evaluate immunoreactivity data to nanow down beneficial back-muta­
tions that restore binding to a level comparable to that of the murine antibody 
(mutant 2i). Perform further mutagenesis as appropriate to derive the optimum set 
of back-mutations that fully reconstitutes specific antigen binding (see Note 15). 

5. Repeat steps 1-4 for the opposite reshaped domain, using the first optimized 
reshaped domain as a guide. The reshaped mutant that gives maximum antigen 
binding is chosen as the final reshaped antibody. 

6. Characterize the reshaped antibody in terms of its epitope specificity (Chapter 24) 
and binding affinity (Chapters 25-27), as required. A continuous source of the 
reshaped antibody (as IgG or scFv) can be established by the stable transfection of 
a mammalian cell line (e.g., Chinese hamster ovary cells or mouse myeloma NS0 
cells) with suitable expression vectors (see Chapter 15). 

4. Notes 
1. For the expression of antibodies as full lgGs, eukaryotic vectors that provide the 

light- and heavy-chain constant domains are available from AERES Biomedical, 
London, UK (SuperVector Expression System) and Lonza Biologics, NH, USA 
(pCON vectors). For expression as single-chain Fv fragments (scFv), common 
prokaryotic vectors that allow periplasmic protein expression can be used (see 

Chapters 12 and 14 for further details). The supplied literature for these expression 
systems should indicate the sequence requirements for the expression cassettes 
(Subheadings 3.3.1. and 3.3.2.). 

2. In the homology approach, a structural template(s) is chosen based on sequence 
homology and length. Conflicts between amino acid side-chains are then resolved by 
energy minimization. This approach is especially useful for the ~-sheet framework and 
CDR loops with known canonical structures (see Subheading 1.1.). In contr·ast, the 
conformational search approach seeks to build CDR conformations ab initio by gener­
ating a large number of theoretically possible conformations by varying the dihedral 
angles of the peptide backbone. The predicted loop confo1mation is obtained after 
energetic evaluation of the conformers. This is useful for CD Rs that do not belong to 
any of the canonical classes and those that are poorly modeled by homology alone. 

3. V-BASE and IMGT are online databases featuring human immunoglobulin 
germline sequences. A searchable interface is provided by both databases (V­
BASE: DNAPLOT; IMGT: IMGT-VQUEST) for nucleotide sequences. Transla­
tion of the germ line genes into amino acid sequences is also possible. See Chapter 
3 for further information on the IMGT database. 

4. Although this model provides an early indication on the ability of the chosen 
germline frameworks to support the CDRs in similar conformations for binding, it 
should only be taken as an approximate guide, as conformational conection mech­
anisms have been shown to adjust suboptimal CDR conformations upon binding to 
antigen (see Subheading 1.1.). 

5. The Fv expression cassettes are initially synthesized as half-length inserts and 
sequenced before the two halves are stitched together. This allows the early detec-
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tion of PCR artifacts, which are likely at the numerous primer j unctions, and avoids 
the subsequent need to sequence a large number of clones for the correct full -length 
cassette sequence. 

6. Design overhanging primers that are partially complementary to the 5'- and 3' -ends 
of the murine V L and V H gene for the introduction of additional sequences. 

7. The shuffling of the murine and reshaped VL/VH domains and subsequent analyses 
of the hybrid constructs wi ll reveal whether the reshaped antibody retains the bind­
ing affinity and specificity of the murine antibody and, if not, the CDR grafting of 
which domain (V L, V H, or both) has resulted in the change in binding characteristics. 

8. Possible capturing and detection agents inc lude protein L (l'or kappa light chains) 
and anti-peptide tag antibodies (e.g. , for hexahistidine, c-myc tags). 

9. Coated plates can be sealed and stored at 4°C for up to 4 wk. 
10. Purified immunoglobulins of a di fferent isotype should be used if the 

reshaped/chimeric antibodies are not of the IgG 1/K isotype. 
I I. Serial dilutions can be made conveniently in the wells using a multichannel pipettor. 
12. Antigen concentration ( 10-100 µg/mL) and coating buffer should be optimized if 

necessary. 
13. Antibody supernatants should be diluted in ELISA buffer lo equivalent concentra­

tions for direct comparison. 
14. Back-mutations of the same type are introduced ini tially as a group. The expression 

of these mutants with the opposite guide domain will provide an indication on the 
location of beneficial back-mutations. If a positive effect is seen within a particular 
group, further mutants containing different combinations of single back-mutations 
can be made to dissect out individual contributions. Priorities for individual muta­
tions should be decided largely from results of structural analysis (Subheading 
3.2.1.). After the analysis of the initial set of mutants, back-mutations of different 
types can then be combined to reveal any synergistic and/or antagonistic effects on 
antigen binding. If binding affin ity cannot be restored to an acceptable level after 
back-mutating the critica l framework positions, further back-mutations can be 
introduced at the remaining framework positions, again guided by the structural 
model of the murine Fv. 

I 5. One should aim to achieve the maximum antigen-binding signal with the fewest 
number of back-mutations to keep the reshaped antibody as human as possible. 
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